Solid-state nanopores have emerged as sensors for single molecules and these have been employed to examine the biophysical properties of an increasingly large variety of biomolecules. Herein we describe a novel and facile approach to precisely adjust the pore size, while simultaneously controlling the surface chemical composition of the solid-state nanopores. Specifically, nanopores fabricated using standard ion beam technology are shrunk to the requisite molecular dimensions via the deposition of highly conformal pulsed plasma generated thin polymeric films. The plasma treatment process provides accurate control of the pore size as the conformal film deposition depends linearly on the deposition time. Simultaneously, the pore and channel chemical compositions are controlled by appropriate selection of the gaseous monomer and plasma conditions employed in the deposition of the polymer films. The controlled pore shrinkage is characterized with high resolution AFM, and the film chemistry of the plasma generated polymers is analyzed with FTIR and XPS. The stability and practical utility of this new approach is demonstrated by successful single molecule sensing of double-stranded DNA. The process offers a viable new advance in the fabrication of tailored nanopores, in terms of both the pore size and surface composition, for usage in a wide range of emerging applications.
Introduction
The use of α-hemolysin protein pores for single and doublestranded DNA translocation have inspired the development of solid-state nanopores for DNA and protein analysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In these studies, the translocation of molecules is monitored using a dual compartment setup, with the compartments separated by a membrane having a single nanopore. An applied potential produces a steady-state ionic current flow from one compartment to the other. For example, the passage of negatively charged DNA molecules through the nanopore provides characteristic current blockage pulses for each particular analyte. Nanopore biosensors have been used to study various biophysical properties of DNA [11] .
Unfortunately, limited analytical capabilities are encountered with respect to the utilization of biological pores. These limitations include restricted variations in experimental conditions, such as the temperature, pH, salinity, range of pore sizes, and mechanical properties [12, 13] . As a result, a great deal of interest has developed in the fabrication of solid-state nanopores for sensing applications. Ideally, the fabrication technique should offer control of the nanopore diameter, channel length and surface composition. Examples of techniques recently employed in the fabrication of these nanopores include focused ion or electron beam sculpting, transmission electron microscope (TEM) induced drilling/shrinking, and feedback chemical etching [14] [15] [16] [17] [18] . As documented in these reports, significant progress has been achieved in terms of the fabrication of solid-state nanopores and their applications. Examples of such applications include transducing ligand binding mechanisms into electrochemical signals, DNA charge measurements, and discriminating single base mismatch between target DNA molecules [2, [19] [20] [21] .
Despite these impressive advances, it has become clear that improved control of both nanopore diameter and porewall chemical composition is highly desired. Toward this end, the diameters of solid-state nanopores have been reduced using shrinking or deposition processes. For example, TEM and field emission scanning electron microscope (FESEM) shrinking has been investigated [22, 23] . However, to date, only smaller pores have been shrunk using these approaches. Furthermore, it has been reported that nanopore radii shrink only when the condition r < h/2 is satisfied, where r and h are the radius and thickness of the nanopore, respectively, thus introducing an inherent limitation in using these techniques [14] . Atomic layer deposition has also been used to shrink pores but suffers from excessively long deposition times [24] . With respect to chemical composition, it should be noted that the artificial nanopores are fabricated in SiO 2 or Si 3 N 4 membranes, thus severely limiting control of the nanopore surface properties.
In light of the above considerations, a single step process that simultaneously provides control of both pore size and surface chemistry is of considerable interest. Herein, we report a rapid solid-state nanopore fabrication and controlled pore shrinking process which does provide simultaneous in situ control of surface properties. For this purpose, a pulsed plasma polymer film (PPPF) deposition technique has been employed. As shown in prior pulsed plasma polymerization studies, the chemical composition of the plasma generated polymer films, including cross-link density and surface density of reactive functional groups, can be controlled by simple adjustment of the plasma on to off times during the deposition process [23] . Furthermore, as recently demonstrated, the film thickness control varies linearly with deposition times, and thickness controllability extends to the range of a few nanometers [25, 26] . Most importantly, the pulsed plasma deposited polymeric films exhibit excellent substrate conformability on porous substrates, as recently demonstrated in regulating gas permeation rates through tracketched nanoporous membranes [27] .
Materials and methods

Nanopore fabrication process
The fabrication process was initiated with 300 nm oxidation of double side polished Si wafer followed by photolithography to open square etch-start windows on one side of the wafer. The process continued with wet etching of SiO 2 with buffered hydrofluoric acid. Silicon was etched through square openings using tetramethylammonium hydroxide (TMAH) anisotropic wet etching at 90
• C and 1:3 (vol:vol) in deionized water. The self-limiting etch stopped once a square window of 70 × 70 μm 2 in SiO 2 was reached. The thickness of the SiO 2 membrane was then reduced to 30 nm by reactive ion etching (RIE) using tetrafluoromethane at 100 W and gas flow pressure of 20 sccm. Etch rate of the RIE process was characterized, before etching of membranes, using an ellipsometer. Dry etching of both front and back sides was employed to estimate the membrane thickness after the RIE process. The focused ion beam (FIB, ZEISS 1540XB) was then used to drill small pores of diameter between 100 and 400 nm, using a 30 kV acceleration voltage and gallium ions. Different milling currents (1, 2, 5 and 10 pA) and FIB drilling times (10-30 s) were used to drill pores of the desired diameters.
PPPF deposition
Polymer film deposition was carried out using a home built plasma reactor system, as previously described [25] . The substrates to be coated were located on the center of the base plate of the 6 inch conical reactor. The substrates were subjected initially to a brief 30 s exposure to a pulsed Ar plasma to remove any adsorbed materials. The Ar flow was then terminated and the plasma polymerization of the methacrylic acid (MAA) monomer was initiated. The RF frequency employed for the plasma discharge was 13.56 MHz. The power inputs employed into the reactor were 160 W and 200 W for pulsed and continuous wave plasma respectively. The plasma pulse widths employed were in the millisecond range, with the specific plasma on/off ratio employed for each run set independently. The monomer pressure employed was 160 mTorr for all deposition runs. The MAA (99%, Sigma-Aldrich) was outgassed repeatedly prior to use by freeze drying. Polished Si substrates were employed for the XPS and film deposition rate studies, whereas transparent KBr discs were employed for obtaining the Fourier transform infrared spectroscopy (FTIR) spectra. The SiO 2 nanopore containing membranes were treated with similar plasma polymerization as described above.
I -V measurement setup
The I -V measurements were carried out in an aqueous solution of 1 M potassium chloride, using Ag/AgCl electrodes. All measurements were done using an Axon 200B amplifier (Axon Instruments) operated in resistive feedback mode. The head stage and nanopore membrane were placed inside a grounded metallic Faraday cage to reduce the effects of environmental noise. The amplified signal was fed to a Digidata 1440A data acquisition system (Axon Instruments) controlled with PClamp 2.0 software. I -V measurements were performed by using a standard two compartment setup where the nanopore die was sandwiched between two Teflon blocks [21] . Polydimethylsilaxane (PDMS) gaskets were used to avoid leakage of KCl during measurements. The PDMS gaskets were made by mixing the base and curing agent at 10:1 ratio in a glass Petri dish. The PDMS mixture was heated to 100
• C for 12 h for polymerization. The solid PDMS was then cut into small gaskets of compatible dimensions.
DNA translocation through nanopores
The 48.5 kbp double-stranded λ-DNA was used as received. The typical concentration of λ-DNA used in the translocation experiment was 3 nM. The current was allowed to stabilize before the introduction of DNA into the negative bias chamber of the setup [21] . All the translocation experiments were performed at room temperature.
Results and discussion
The process flow employed in the fabrication of the nanopore membrane is shown in figure 1. Nanopores were drilled in a 30 nm thick SiO 2 membrane as described in section 2. Pulsed plasma polymer was deposited to reduce the diameters of the nanopores and to simultaneously provide carboxylic acid groups on the pore-wall surfaces. The composition of the polymer films was verified using FTIR (figure 2(a)) and XPS ( figure 2(b) ). As shown in the transmission spectrum of the plasma synthesized polymer film of MAA, a very broad absorption band, extending from approximately 3500 to 2800 cm −1 is clearly evident in the film. This absorption band can unequivocally be assigned to -COOH groups, with the unusual broadness of this band reflecting the presence of varying extents of H-bonds from the -OH groups of the -COOH functionality [28] . The other absorption bands, centered around 2900, 1700 and 900 cm −1 , are attributable to C-H and C=O vibrational modes, expected for a poly-MAA film. High resolution C(1s) XPS spectra, obtained from MAA films plasma polymerized under pulsed and continuous wave (CW) conditions, document the controllability of the MAA film composition as a function of the deposition condition employed. Examples of this controllability are shown in figure 2(b), for films prepared under CW, as compared to pulsed conditions using 1 ms on/5 ms off, and 3 ms on/30 ms off pulse widths. Of particular importance is the high binding energy peak, centered near 289 eV, which can be uniquely assigned to the carboxylic (COO) group [29] . Clearly, as shown in these spectra, the amount of the -COOH groups, relative to the total carbon content, increases significantly as the plasma duty cycle employed in film formation is decreased. This controlled variation in the -COOH surface density was quantified by integration of the deconvoluted C(1s) high resolution photoelectron spectra. Specifically, the per cent contribution of the -COOH groups (289 eV) to the total carbon 1s electrons is as follows: CW: 4.0%; 1 ms on/5 ms off 5.2%; 3 ms on/30 ms off 8.0%. Thus, as these XPS spectra clearly reveal, a substantially higher surface density of -COOH groups is present in the film deposited under pulsed compared to CW conditions, with this percentage increasing further as the plasma duty cycle employed is decreased.
The linear dependence of the MAA film thickness on the deposition time was verified with profilometer measurements (supplementary figure 1 available at stacks.iop.org/Nano/22/ 285304/mmedia). The linearity of the film deposition rate extended over the entire range of thicknesses examined (from 15 to 170 nm). The plasma operating conditions were adjusted for a deposition rate of ∼8 nm min −1 using 150 W input power, 160 mTorr monomer pressure and a pulsed plasma duty cycle involving plasma on and off times of 3 ms and 30 ms, respectively. These were the same plasma conditions employed during production of the films for the FTIR, XPS (figure 2) and film thickness measurements (supplementary figure 1 available at stacks.iop.org/Nano/22/285304/mmedia).
A 320 nm pore, fabricated using FIB, was reduced to 80 nm diameter using PPPF deposition, as shown in supplementary figure 2 (available at stacks.iop.org/Nano/22/ 285304/mmedia). The pore reduction was clearly revealed by the SEM imaging; however the nonconductive nature of the film showed a diffused boundary of the pore geometry. Additionally, the electron beam energy damaged the surface of the nanopore. In fact, the 80 nm nanopore closed during SEM imaging due to surface relaxation of the polymer film. In the case of SiO 2 membranes, the TEM or FESEM electron beam has been reported to effectively melt even SiO 2 to flow and adopt the minimum surface energy configuration which results in pore shrinking [14, 23] . When the nanopore diameter was below 100 nm, the polymer layer closed the nanopore putatively from reorganization of the polymer film, promoted by the electron beam exposure. Alternatively, an atomic force microscope (AFM) was used to characterize and measure the plasma polymer deposition shrinkage of the nanopore, as shown in figure 3 . AFM micrographs reveal a very uniform surface morphology of the pore after PPPF deposition, and clearly illustrate the excellent control on the pore shrinkage provided by the pulsed plasma deposition approach. A 300 nm pore was reduced to 10 nm with PPPF deposition in a sequence of three stepwise reductions involving deposition times of 8, 13 and 21 min. It is evident from the AFM micrograph data that the particular plasma process produced a uniform diameter reduction rate of ∼14 nm min −1 . This shrinkage rate is in good agreement with the film deposition rates shown in supplementary figure 1 (available at stacks.iop.org/Nano/22/ 285304/mmedia) in that the pore shrinkage rate is twice that of the film deposition rate on a flat substrate.
To electrically characterize the nanopore shrinkage, current-voltage (I -V ) measurements were carried out in an ionic solution of 1 M potassium chloride (KCl). The I -V measurements were performed after each PPPF deposition step. The electrical data confirmed that the pore remained open after each plasma treatment step and, more importantly, a progressive decrease in conductance was observed with increasing plasma deposition times.
Thus these I -V measurements depict a sequential decrease in pore diameter with increasing polymer film thickness. For each pore diameter examined, the current varied linearly with the applied voltage ( figure 4(a) ).
Conductance of the nanopore, G, was also measured at 1 M electrolyte concentration. In previous reports, different models have been proposed to fit G of nanopores [23, 30, 31] . Bulk charge carriers were expected to dominate the ion flow at 1 M KCl. The surface charge effect was also neglected in these models at higher salt concentrations. For our G data fit, we considered a purely cylindrical nanopore channel as proposed by Smeets et al [31] . Based on the uniform plasma deposition rate and the AFM data, a simple resistance equation, G = σ πr 2 /L, can be used to model the behavior of the nanopore, where σ is the conductivity of KCl solution, L is the channel length and r is the radius of the nanopore. Our data reveal two regimes for conductance that can be fit to this model, as shown in figure 4(b) . Basically, a non-linear variation in G is observed with the sequential variation in pore diameter. This can be reasonably explained in terms of a nonlinear plasma polymer deposition through the whole channel length of the pore. A more localized nanopore surface edge deposition, compared to that on inside vertical walls may well have occurred, particularly as the pore shrank and the hole aspect ratio increased. The overall pore geometry would thus have been deviated from a perfectly cylindrical geometry as the plasma polymer film thickness increased. The deposition rate on the pore-wall would also vary along the length of the nanopore channel due to reduced diffusion of polymer vapors during the deposition process. Additionally, the upstream volume transport of pre-polymer gaseous species through the nanopore causes a drop in pressure. These effects can be accommodated by changing r 2 to r ×r * , where r and r * would be the top and bottom radii of the nanopore respectively [30] . In fact, the above observations are in line with gas transport phenomena through the membranes as reported before [32] . This pressure drop across the membrane can be described as an exponential function of time t, as shown by equation (1) [32] :
Here p(t) is the pressure drop across the membrane as a function of time t, p 0 is the pressure drop at time t = 0, ∈ is the porosity of the membrane, A is the exposed area, D k is Knudsen diffusivity, V u is the volume upstream of the membrane, l is the length of the nanopore channel and t is the time.
In order to examine the PPPF nanopore current behavior at different salt concentrations, we used 0.1 and 1 M KCl for I -V measurements with a 10 nm PPPF nanopore ( figure 5(a) ). The nanopore showed linear current behavior. At high KCl concentrations ([KCl] 100 mM), the conductivity of the nanopore showed a linear dependence on the voltage as expected for the bulk conductivity of KCl during the voltage sweep [16, 31] . Theory predicts that when the diameter of the nanopore is comparable to the diameter of the diffusing ionic species (0.3 nm), the diffusion of the species would be reduced due to hindered diffusion which would reduce the conductivity of the nanopore as compared to bulk conductivity [33, 34] . It was also reported that decreased electrostatic interactions in nanopores would reversely increase the nanopore conductivity when compared to bulk conductivity [35] . MAA polymer film has COO − fixed charges at pH 7.0 which would have an incremental effect on the concentration of K + ions inside the channel due to the electrical double layer at the walls of the nanopore [36] . However, the electrostatic enhancement would be compensated by the hindered diffusion effect [33] . So the conductivities of KCl in the nanopore and bulk solution can be considered approximately equal. Conical nanopores in track-etched poly(ethylene terephthalate) (PET) membranes had been reported to rectify the ionic current due to entrapment of the charges because of the electrical double layer [36] . Our nanopore is also conical but, interestingly, it did not show rectified current behavior. PET membranes are generally very thick (10-12 μm) as compared to our polymer nanopore thickness (∼200 nm) [37] . So the nanochannels fabricated in The plots show the nanopore diameter (dots) and channel length (squares) with respect to PPPF deposition time. The linear behavior of the channel length and diameter shows the uniform deposition rate for the whole process under optimal applied input power and process pressure. The initial pore diameter and channel length were 180 nm and 100 nm respectively. After approximately 4 min of deposition the channel length and diameter became equal in dimension. The measured current (triangles) also scaled almost linearly with the nanopore diameter which again showed a uniform deposition rate with time.
PET membranes made perfect conical structures of channels of length 12 μm having a 300 nm opening at one side and a 5-10 nm opening at the other side of the membrane. Our polymer nanopore would not be perfectly conical in view of the thinness of the membrane and conformal nature of the plasma polymer MAA film. We propose that this type of nanopore would not rectify the current signal because there would not be significant asymmetry in the electrostatic potential along the channel during the voltage sweep [37] .
The overall pore shrinkage data are plotted in figure 5 (b). The plot is based on the AFM micrographs, the profilometer and ionic current data. The pore diameter and channel length showed linear behavior when plotted against time. The ionic current showed two regimes of linearity as explained before in the text.
To demonstrate the viability of polymer deposited nanopores for single molecule biosensor applications, translocation experiments using DNA were carried out. For this purpose, unmethylated 48.5 kbp double-stranded λ-DNA (Promega, Benelux) in 1 M KCl buffered with 10 mM Tris-HCl and 1 mM EDTA solutions at pH 7.5 was used with the 10 nm pore. The translocation data was recorded using a 100 mV applied potential. Open pore I -V measurements were conducted before the introduction of the λ-DNA into the negative-biased compartment of the cell (inset of figure 6 ). The translocation of the DNA resulted in current blockages as shown in figure 6 . The current signal was digitized at 200 kHz with a low pass filter at a cutoff frequency of 10 kHz. The average translocation time for one λ-DNA was approximately 2.2 ms which was in good agreement with previous reports [31] . After the DNA was added, many transient current blockage pulses were observed. The nanopore diameter was also calculated from the magnitude of current blockage pulses using the relation I /I open = A DNA /A nanopore , where I ∼ 65 pA was the current blockage magnitude from DNA translocation, I open ∼ 1240 pA was open pore current, A DNA ∼ 5 nm 2 was the average cross-sectional area of the double strand DNA and A nanopore was the nanopore diameter [38, 39] . The value of A nanopore was calculated to be equal to 95.38 nm 2 . Assuming a circular pore, the diameter of the nanopore was found to be equal to 11 nm which was in good agreement with the nanopore diameter measured with AFM.
Conclusions
The utility of employing a pulsed plasma polymerization process to reduce nanopore diameters, in a highly controlled fashion, for use in nanopore sensing applications has been demonstrated for the first time. In contrast with other studies, the pore shrinkage process involves only a single step and provides excellent control of the pore diameter. The control of pore shrinkage has been characterized microscopically with AFM and a variety of conductivity measurements. The viability of this approach for single molecule sensor applications has been demonstrated using double-stranded DNA. The reported novel method permits accurate control of both pore diameter as well as molecular tailoring of the surface chemistry of the pores. The latter can be accomplished simply by the appropriate choice of monomer and/or by attachment of the appropriate molecules to reactive functional groups retained in the polymer films.
